The recent electrophysiological characterization of TH-expressing GABAergic interneurons (THINs) in the neostriatum revealed an unexpected degree of diversity of interneurons in this brain area , 2015 . Despite being relatively few in number, THINs may play a significant role in transmitting and distributing extra-and intrastriatal neuromodulatory signals in the striatal circuitry. Here we investigated the dopaminergic and cholinergic regulation of THINs in vitro. We found that the dominant effect of dopamine was a dramatic enhancement of the ability of THINs to generate long-lasting depolarizing plateau potentials (PPs). Interestingly, the same effect could also be elicited by amphetamine-induced release of endogenous dopamine suggesting that THINs may exhibit similar responses to changes in extracellular dopamine concentration in vivo. The enhancement of PPs in THINs is perhaps the most pronounced effect of dopamine on the intrinsic excitability of neostriatal neurons described to date. Further, we demonstrate that all subtypes of THINSs tested also express nicotinic cholinergic receptors. All THINs responded, albeit differentially, with depolarization, PPs and spiking to brief application of nicotinic agonists. Powerful modulation of the nonlinear integrative properties of THINs by dopamine and the direct depolarization of these neurons by acetylcholine may play important roles in mediating the effects of these neuromodulators in the neostriatum with potentially important implications for understanding the mechanisms of neuropsychiatric disorders affecting the basal ganglia.
Introduction
Until recently, the neostriatum has been thought to contain only a few types of GABAergic interneurons in comparison to the large diversity of GABAergic cell types in the neocortex or the hippocampus (Freund and Buzs aki, 1996; Tepper et al., 2010; DeFelipe et al., 2013) . This picture changed significantly with the introduction of transgenic reporter mouse lines that revealed the existence of 5 new electrophysiologically distinct cell types, more than doubling the number of interneuron classes recognized in this brain area Ib añez-Sandoval et al., 2011; Unal et al., 2011) . In addition to a neuropeptide Y (NPY) expressing neuron described in a NPY-GFP line , the newly discovered interneurons include 4 additional types of GABAergic neurons that were termed THinterneurons (THINs) reflecting their initial identification in a TH-EGFP strain Unal et al., 2011) . The function of THINs remains unclear. Their small population size and connectivity place some important constraints on the possible function of these neurons. On particularly interesting possibility is that these neurons may distribute intra-and extrastriatal neuromodulatory signals to projection neurons.
In the neostriatum, dopamine (DA) and acetylcholine (ACh) are 2 major neuromodulators that exert pronounced effects on most functions of the basal ganglia. Here we investigated how these neuromodulators or control the intrinsic electrophysiological properties of THINs. Since preliminary experiments indicated that the most salient effect of these modulators was the triggering and enhancement of a semi-stable depolarizing state we characterized in more detail this important dynamic feature of THINs.
Materials and methods

Subjects
We used transgenic mice Tg (Th-EGFP) DJ76Gsat/Mmmc (GENSAT; Gong et al., 2003) , obtained from the Mutant Mouse Regional Resource Center at UCLA and bred in our colony at Rutgers for all experiments. Hemizygous progeny were mated to wild type FVB or Swiss Webster mice each generation thereafter. All offspring were genotyped from tail samples and only those expressing the EGFP transgene were used in these experiments. Henceforth these mice are referred to as EGFP-TH mice.
All procedures were performed with the approval of the Rutgers University Institutional Animal Care and Use Committee and in accordance with the NIH Guide to the Care and Use of Laboratory Animals and all efforts were made to minimize the number of mice used and any possible discomfort.
Preparation of brain slices
Experiments were performed on brain slices obtained from adult EGFP-TH mice older than one month of age. Mice were deeply anesthetized with 150 mg/kg ketamine and 30 mg/kg xylazine i.p. and transcardially perfused with ice-cold, modified Ringer's solution containing (in mM) 248 sucrose, 2.5 KCl, 7 MgCl2, 23 NaHCO 3 , 1.2 NaH 2 PO 4 , 7 glucose, 1 ascorbate, 3 pyruvate, and bubbled with 95% O 2 and 5% CO 2 (pH 7.3). The brain was quickly removed into a beaker containing ice-cold oxygenated Ringer's and trimmed to a block containing the striatum. Coronal or para-horizontal sections (250e300 mm) were cut in the same medium using a Vibratome 3000 and immediately transferred to normal Ringer's solution containing (in mM) 124 NaCl, 2.5 KCl, 1.2 NaH 2 PO 4 , 26 NaHCO 3 , 1.3 MgCl 2 , 2 CaCl 2 , 10 glucose, 1 ascorbate, 3 pyruvate, and 0.4 myo-inositol that was heated to 34 C and continuously bubbled with 95% O 2 and 5% CO 2 (pH 7.3) for 1 h prior to recording and then maintained at room temperature until use. In some experiments, we substituted in an equimolar manner: choline Cl for NaCl, choline bicarbonate for NaHCO 3 and sucrose for CaCl 2 . Slices were transferred to the recording chamber and submerged in continuously flowing oxygenated buffer (2e4 ml/min) which was heated with an inline heater (Warner Instruments) to approximately 33 C.
Fluorescence and DIC imaging and recording
Slices were initially visualized under epifluorescence illumination with a high sensitivity digital frame transfer camera (Cooke SensiCam) mounted on an Olympus BX50-WI epifluorescence microscope and a 40Â long working distance water immersion lens. Once an EGFP-TH neuron was identified, visualization was switched to infrared differential interference contrast (IR-DIC) microscopy for the actual patching of the neuron, usually performed under current clamp.
Micropipettes for whole cell recording were constructed from 1.2 mm o.d. and 0.94 mm i.d. borosilicate pipettes (Harvard apparatus) on a Narishige PP-83 vertical puller. The standard internal solution for whole cell current clamp recording was (in mM): 130 K gluconate, 10 NaCl, 2 MgCl 2 , 10 HEPES, 3 Na 2 ATP, 0.3 GTP, 1 EGTA plus 0.1e0.3% biocytin (pH 7.3e7.4). These pipettes typically exhibited a DC impedance of 4e6 MU measured in the recording chamber.
Current clamp recordings were made with a Neurodata IR-283 current clamp amplifier and voltage and/or current clamp recordings were made with a Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA) whose output was filtered online with a second order Bessel filter at 1 kHz and digitized at 20-40 KHz with either a CED Micro 1401 Mk II and a PC running Signal v. 4 (Cambridge Electronic Design, Cambridge UK) or an ITC-16 and a Mac running Axograph. Acquired data was stored on a PC or Mac for offline analysis.
At the completion of the experiments slices containing biocytin-injected neurons were fixed by immersion in 4% paraformaldehyde-0.5% glutaraldehyde for 30 min at room temperature or microwaved to 60 C for 12 s and stored overnight at 4 C.
Pharmacology
Drugs were applied in the perfusion medium or locally via a micropipette using a Picospritzer (General Valve, Fairfield, NJ), at 20 psi/30e100 ms, at 0.1 Hz. Nimodipine, flufenamic acid, SCH-23390 hydrochloride, SKF-38393 hydrochloride, dopamine, choline bicarbonate and amphetamine were purchased from SigmaeAldrich and tetrodotoxin (TTX), carbamylcholine chloride (carbachol), mecamylamine hydrochloride (MEC), Dihydro-b-erythroidine hydrobromide (DHbE) and methyllycaconitine citrate (MLA) were purchased from Tocris. Nimodipine and flufenamic acid were dissolved in dimethyl sulfoxide. All other drugs were dissolved freshly in Ringer's solution.
Extracellular stimulation
Stimulating electrodes consisted of concentric bipolar electrodes of 25 mm at the tip, and 1 kU DC resistance were used (FHC, Bowdoinham, ME). Electrodes were placed onto the surface of the slice within 200e500 mm of the recorded cells. Stimuli consisted of single square wave pulses (typically 0.01e1 mA, 200 ms duration at 0.1e0.5 Hz) and was generated by a Winston A-65 timer and SC-100 constant current stimulus isolation unit (eg., Lee and Tepper, 2007; Ib anez-Sandoval et al., 2010) .
Biocytin histochemistry
Slices containing biocytin-filled neurons were transferred into 4% paraformaldehyde overnight. In some cases, the thick sections were resectioned on a Vibratome at 100 mm. Sections were washed for 3 Â 10 min in 0.1 M phosphate buffer (PB) followed by 10% methanol and 3% H 2 O 2 for 15 min, and incubated with avidin-biotin-peroxidase complex (Vector Laboratories; 1:200) and 0.1% Triton X-100 overnight at 4 C. After washing 6 Â 10 min in 0.1 M PB the sections were reacted with 3,-3 0 -diaminobenzidine (DAB; 0.025%) and H 2 O 2 (0.0008%) in PB. In some cases nickel intensification (Adams, 1981) was used (2.5 mM nickel ammonium sulfate and 7 mM ammonium chloride in the DAB and H 2 O 2 incubation). The sections were then postfixed in osmium tetroxide (0.1% in PB) for 30 min, dehydrated through a graded series of ethanol, followed by propylene oxide, and infiltrated overnight with a mixture of propylene oxide and epoxy resin (Durcupan; Fluka Chemie, Buchs, Switzerland). The sections were then transferred to fresh resin mixture for several hours and flat embedded between glass slides and coverslips and polymerized at 60 C for 24 h.
Statistical analysis
Most numerical values are reported as the mean ± SEM. Data were analyzed by using ANOVA with Prism (GraphPad Software), followed with Tukey's post hoc tests to multiple comparisons means. Differences were considered to be significant at p < 0.05.
Results
Electrophysiological and anatomical properties of striatal TH interneurons
Ex vivo whole-cell recordings were obtained in current clamp mode from fluorescent neurons in the striatum of adult EGFP-TH mice. In agreement with previously reported data (Ib añez-Sandoval et al., 2010), several distinct subtypes of THINs could be characterized on the basis of their intrinsic electrophysiological properties (input resistance R in ), resting membrane potential (RMP), action potential duration at half-amplitude (AP 50% ), their ability or inability to maintain firing throughout modest depolarizing current injections and the presence of a lowthreshold spike (LTS). These were: Type I (R in ¼ 554 ± 48 MU, RMP ¼ À63 ± 2 mV and AP 50% ¼ 1 ± 0.08 ms; n ¼ 45/68 [66%]), Type II (R in ¼ 379 ± 79 MU, RMP ¼ À75 ± 2 mV and AP 50% ¼ 0.45 þ 0.03 ms; n ¼ 8/68 [12%]), and Type IV (R in ¼ 486 ± 67 MU, RMP ¼ À75 ± 1 mV, AP 50% ¼ 0.61 þ 0.06 ms and LTS; n ¼ 15/68 [22%]). Type III striatal THINs that made up only about 5% of the total population in our original study were not encountered in the present study, while the remaining subtypes were present in roughly the same proportions as reported previously. Representative examples of responses to current injection and the resulting currentevoltage curves for Type I, II and IV THINs are shown in Fig. 1 .
Striatal THINs frequently (46%, 21/45 of Type I, and 25%, 2/8 of Type II) exhibited an intrinsic PP in response to strong depolarizing current pulses delivered at rest as previously described . PPs ranged in duration from 15 ms to over 5 s. A typical example of a PP from a Type I striatal THIN is shown in Fig. 1 .
During whole cell recordings, all neurons were filled with biocytin for subsequent anatomical study. Eleven neurons were chosen for further anatomical analysis. These neurons exhibited morphologies consistent with our previous reports Tepper et al., 2010) . Striatal THIN somata were medium sized (14.5 ± 1 mm Â 10 ± 0.5 mm) and emitted from 2 to 5 thick primary dendrites that branched modestly, forming a simple dendritic arborization rarely exceeding 300 microns in diameter. The dendrites of many Type I neurons were sparsely invested with spine-like spines processes. The most characteristic feature of the THINs was their axon arborization. The axon originated from the soma or proximally from a primary dendrite, and branched extensively creating a dense arborization overlapping and extending beyond the dendritic field. Axons exhibited very prominent, evenly spaced varicosities, presumably boutons en passant, throughout the axonal field. A typical example is shown in Fig. 1 . The other three subtypes of THINS were aspiny, exhibited moderately varicose dendrites, and were indistinguishable anatomically from one another.
Ionic characterization of plateau potential of striatal TH interneurons
The ionic basis of the intrinsic PP was analyzed in current clamp recordings from a subset of striatal THINs exhibiting robust PPs. In this subset, the mean PP duration was 1258 ± 344 ms (range, 495 mse2626 ms, n ¼ 6). PPs were characterized by a strong and sustained depolarization of the membrane potential, upon which truncated spikes sometimes rode. Substitution of Na þ by choline ( Fig. 2A1 , red traces; Na þ -free), abolished the spikes and significantly reduced the PP duration to 405 ± 122 ms (range: 59e869 ms, control vs. Na þ -free, p < 0.05, n ¼ 6). Subsequent substitution of Ca 2þ by sucrose (Fig. 2A1 , gray traces; Ca 2þ -free), eliminated the PP entirely, reducing the duration to 5 ± 3 ms (range, 0e17 ms, control vs. Ca 2þ -free, p < 0.001, n ¼ 6). These results demonstrate that a sodium conductance was responsible for the generation of the spikes seen riding on the PP, which also contributes to the PP itself, and that Ca 2þ entry was essential for the activation of the PP.
Washing in normal buffer caused a partial recovery of both spikes and the PP at a duration of 795 ± 199 ms (range, 323e1323 ms, control vs. recovered p > 0.05, n ¼ 6), as shown in Fig. 2A1 . Addition of either nimodipine (10 mM) or flufenamic acid (100 mM)
completely abolished the PP (Fig. 2A1 , blue traces) (range, 0e28 ms, control vs. NIM/FFA p < 0.001, n ¼ 6). Taken together, these results confirm our previous results that the intrinsic PPs are due to a Na (Fleig and Penner, 2004; Hill et al., 2004; Lee and Tepper, 2007) . Further, the strong inhibitory effect of nimodipine applied alone demonstrates that under these conditions L-type channels supply the intracellular Ca 2þ required for I CAN activation (Fleig and Penner, 2004; Hill et al., 2004; Lee and Tepper, 2007) . In striatal THINs that did not exhibit intrinsic PPs, TEA (20 mM) was capable of inducing their appearance, as illustrated in Fig. 2B . In striatal THINs that exhibited short duration intrinsic PPs, 66 ± 34 ms (range, 10e299 ms, n ¼ 8), TEA significantly prolonged the PP to 429 ± 65 ms (range, 227e800 ms, control vs. TEA, NIM and TTX p < 0.001, n ¼ 8), even in the presence of nimodipine (10 mM) and TTX (1 mM). These results suggest that most or all striatal THINs are capable of generating a PP, but that under most conditions, it is partially or completely masked by a constitutively active TEA sensitive potassium conductance, similar to results reported previously for GABAergic neurons from substantia nigra pars reticulata (Lee and Tepper, 2007) .
TEA promotes calcium influx into the cell by a different mechanism than that which is involved in control conditions. TEAinduced PPs are sustained in the presence of L-type Ca 2þ channel blockade and TTX, but are abolished by flufenamic acid 10 ± 4 ms, (range, 0e32 ms, n ¼ 8) as shown in Fig. 2 . Thus, although the PP is normally activated by L-type Ca 2þ channels under normal conditions, the calcium conductance does not underlie the TEA induced PP itself. These results indicate that both intrinsic and TEA-induced PPs are generated by the same current, I CAN , similar to plateau potentials exhibited by other neurons in the basal ganglia (Baufreton et al., 2003; Hill et al., 2004; Lee and Tepper, 2007) .
Dopamine modulation of plateau potentials in striatal THINs
Because of the importance of dopaminergic modulation in the basal ganglia and because 6-OHDA lesions reduce or abolish PPs in striatal THINs (Unal et al., 2015) , we investigated dopaminergic modulation of the PP in striatal THINs.
In several striatal neurons, both those that exhibited intrinsic PPs and as well as those that did not (mean PP duration 43 ± 12 ms, range, 2e163 ms, n ¼ 12), we explored the effects of amphetamine, which increases the extracellular DA concentration by causing DA release by reverse transport as well as by blocking reuptake (Khoshbouei et al., 2003; Kahlig et al., 2005) . In the presence of 50 mM amphetamine (Fig. 3 , compare black and blue traces), PPs could be induced or were increased in duration, 354 ± 30 ms (range, 335e577 ms, control vs. amphetamine p < 0.001, n ¼ 12). PPs induced or prolonged by amphetamine were, like intrinsic PPs, completely blocked by nimodipine (5 mM) or flufenamic acid (100 mM) (Fig. 3, red traces ), 36 ± 6 ms (range, 10e82 ms, amphetamine vs. NIM/FFA p < 0.001, n ¼ 12). Thus, PPs can be induced or prolonged by endogenously released DA.
Similarly to amphetamine, 30 mM DA induced or increased the duration of the PP 219 ± 34 ms (range, 69e386 ms; Fig. 3 , compare black and green traces) to 710 ± 134 ms (range, 376e1932 ms, control vs. DA p < 0.001 n ¼ 11). The effects of exogenous application of DA were also eliminated by nimodipine (5 mM) or flufenamic acid (100 mM), (Fig. 3, red traces) , 22 ± 3 ms (range, 9e38 ms, DA vs. NIM/FFA p < 0.001, n ¼ 11). , 1997; Surmeier et al., 1995) . Thus, we explored whether DA effects on PPs in striatal THINs were mediated by DA D1/D5 receptors.
DA (30 mm) was bath applied and enhanced PPs as described above from a duration of 275 ± 61 ms (range, 34e475 ms; Fig. 4A1 , compare black and red traces) to 2129 ± 862 ms (range, 641e6141 ms, p < 0.01, n ¼ 6). Subsequent addition of 5 mM SCH-323390, a D1/D5 DA receptor antagonist, reversed the effect of DA as indicated by a significant reduction of the duration of the PP to 532 ± 92 ms (range, 357e965 ms; Fig. 4A2 see green traces, p > 0.05, n ¼ 6). In some cases the PP was completely eliminated by SCH-323390 (Fig. 4A2 ). The effect of the antagonist (in the continued presence of DA) recovered partially after washout of SCH-23390 1811 ± 936 ms (range, 593e6429 ms; Fig. 4A2 , compare green and blue traces, p < 0.01, n ¼ 6). In THINs exhibiting DAevoked PPs, the addition of 10 mM NIM or 100 mM FFA completely blocked the PPs; 51 þ 7 ms (range; 36e80 ms; Fig. 4A2 , compare blue and magenta traces, ns, n ¼ 6). In another group of striatal THINs that did not exhibit PPs in control, long lasting PPs could be induced by the D1/D5-receptor agonist SKF-38393 (5 mM) and these responses could be blocked by co-application of SCH-23390 (5 mM), a selective antagonist for D1/D5-like DA receptors ( Fig. 4C1 and C2 ).
Striatal TH interneurons express nicotinic cholinergic receptors
Although ACh exerts important effects in the neostriatum through muscarinic receptors, in this study we were primarily interested in the possibility of fast especially nicotinic receptor mediated regulation of THINs. Therefore, we tested the effects of local pressure application of 100 mM carbachol on 3 of the 4 electrophysiologically defined subtypes of THINSs including Type I (n ¼ 7), II (n ¼ 5) and IV (n ¼ 8) neurons. Interestingly, the responses to carbachol were subtype-dependent. Type I THINs, the most common subtype comprising >65% of THINs, responded to brief carbachol application with a strong depolarization that elicited an initial, approximately 100 ms long high frequency burst of rapidly adapting and accommodating spikes, similar to the bursts elicited with strong intracellular depolarizing current injections. The spikes were followed by a long-lasting, slowly decaying depolarization lasting for several hundred ms. We also examine the receptor subtype involved. At least 3 distinct brain nicotinic acetylcholine receptors can be distinguished using pharmacological means. This include the MLA and bungarotoxin sensitive Type 1 receptors that are primarily composed of a7 subunits, the b2 subunit containing Type 2 receptors which can be identified by low micromolar block with DHbE and finally a less well characterized MLA and DHbE insensitive class of receptors (Type 3 receptors) that are blocked by low micromolar MEC (Alkondon and Albuquerque, 1993) . The depolarization was resistant to the Type 1 nicotinic receptor antagonist, MLA (500 nM), and the Type 2 nicotinic receptor antagonist, DHbE (1 mM). However, all responses to carbachol were completely abolished by the weakly subtype-selective nicotinic receptor antagonist mecamylamine (MEC) applied at a concentration (5 mM) at which Type 1 and 2 receptors are not affected Fig. 5A1 . In contrast, Type II THINs, responded to similar carbachol application with small-amplitude, brief depolarizations that rarely elicited action potentials and never triggered PPs (Fig. 5A2) . Finally, Type IV THINs, the second most abundant THIN subtype comprising approximately 25% of striatal THINs, also responded to carbachol with a robust, long lasting depolarization that produced sustained firing, similar to the responses of Type I THINs. The pharmacological profile of Type IV THINs was the same as that of the Type I neurons.
Carbachol elicited similar, large amplitude, long-lasting membrane depolarization in the presence of TTX (1 mM) in Type I (n ¼ 4) and Type IV (n ¼ 3), THINs (Fig. 5B ) that was completely blocked by MEC (5 mM). These data show that at least 2 types of THINs express nicotinic receptors. Interestingly, however, and similar to previous responses observed in striatal FSIs that also exhibit strong excitatory nicotinic responses to exogenous agonist application (Ko os and Tepper, 2002) , local electrical stimulation of the striatum failed to evoke any nicotinic synaptic response in THINs of any subtypes tested (data not shown).
Discussion
The present experiments examined the effects of DA and ACh on striatal THINs. The first principal finding was that intrinsic PPs elicited by depolarizing pulses in Type I and Type II THINs were facilitated by DA acting through a D1/D5-like DA receptor, and that in Type I and Type II THINs that did not exhibit intrinsic PPs, as well as in Type IV THINs that were never observed to exhibit intrinsic PPs, these plateaus could be elicited by D1/D5 receptor stimulation. In all cases, the PPs were primarily mediated by the non-selective cation conductance, I CAN . Finally, all subtypes of striatal THINs tested responded to brief pressure application of the non-selective cholinergic agonist, carbachol, with depolarization and excitation, whose strength greatly varied by subtype. In all cases, the response was shown to be due to direct activation of a nicotinic receptor distinct from the DHbE sensitive and MLA sensitive receptors.
Plateau potentials in striatal THINS are mediated by I CAN
The present results elaborate on our earlier findings regarding the ionic mechanism of PPs and identify some of the specific contributions of I CAN and L-type channels to the initiation and maintenance of PPs. Deletion of sodium from the extracellular solution greatly reduced the duration of the PPs but did not completely block them while subsequent removal of calcium and/or blockade of L-type Ca 2þ channels by nimodipine completely eliminated the remaining PP. The PP was insensitive to TTX. In addition, the PP was completely blocked by flufenamic acid an antagonist of a melastatin-related transient receptor potential cation channel isoform (TRPM2) that underlies a calcium activated nonselective cationic conductance, I CAN (Fleig and Penner, 2004; Hill et al., 2004; Lee and Tepper, 2007; Lee et al., 2013) . Moreover, as shown earlier (Ib añez-Sandoval et al., 2011) blockade of L-Type channels prevents PPs in THINs in response to response to depolarization. Therefore, the most likely ionic mechanism of the initiation of the PP is Ca 2þ entry through L-type channels in response to depolarization leading to activation of I CAN . I CAN activation may also involve Ca 2þ induced Ca 2 release (CICR) from intracellular stores initiated by Ca 2þ entry through L-type channels and possibly aided by a nonconventional G q/11 -coupled IP 3 signaling pathway of D 1 DA receptors (Rashid et al., 2007) . Interestingly, although many Type I and Type II THINS expressed intrinsic THINS, in those cells that did not, PPs could be elicited in essentially all striatal THINs (including Type IV THINs, c.f. Fig. 2B ) by blocking a TEA-sensitive potassium conductance, as reported for other I CAN expressing neurons of the basal ganglia (Lee and Tepper, 2007) .
It is less clear what mechanism accounts for the termination of the PPs. Slow inactivation of L-type channels is one possibility. Alternatively if activation of I CAN relies on calcium induced calcium release from intracellular stores, store depletion or desensitization of IP3 receptors may be involved.
Plateau potentials in striatal THINS are modulated by dopamine
The duration of intrinsic PPs was greatly increased by bath application of DA or the selective D1/D5 DA receptor agonist, SKF38393. Further PPs could be elicited in striatal THINs that did not exhibit intrinsic PPs by application of exogenous DA or amphetamine-induced release of endogenous DA. These effects were abolished by concomitant or subsequent application of the selective D1/D5 DA receptor antagonist, SCH-23390. These effects are consistent with a recent study that showed that intrinsic PPs in striatal THINs were greatly reduced in duration or completely eliminated in striata of mice that had received complete denervation of the nigrostriatal dopaminergic pathway one week earlier (Unal et al., 2015) .
Like intrinsic PPs, dopamine-induced or facilitated PPs were completely abolished by nimodipine suggesting that dopamine promotes Ca 2þ influx through L-type calcium channels or by flufenamic acid, that also blocks a non-selective cation conductance activated by calcium influx through L-type Ca 2þ channels (Fleig and Penner, 2004; Hill et al., 2004; Lee and Tepper, 2007; Lee et al., 2013) . We did not attempt to identify the exact ionic mechanism of the dopaminergic enhancement of PPs. DA is well known to enhance Ltype currents through D1/D5 receptors in a number of different neurons including SPNs (Surmeier et al., 1995; Hern andez-L opez et al., 1997) . Since the DA induced or modulated PPs in THINS were L-type channel dependent a similar mechanism may underly the effect of DA. Previous studies utilizing D1 knockout mice showed that the excitatory effects of dopamine and D1/D5 DA agonists on both striatal FSIs and PLTS interneurons persist in the D1 knockout mice suggesting that they are in fact mediated by the D5 receptor (Centonze et al., 2003) . Both receptor subtypes have been shown to be expressed by various striatal neurons, with the D1 receptor being present in much greater abundance, especially by SPNs. Interneurons, on the other hand, including PV þ FSIs, somatostatinexpressing PLTS neurons as well as cholinergic interneurons express relatively high levels of the D5 receptor while CR interneurons express low to moderate levels (Rivera et al., 2002) . Perhaps D5 receptor expression is a general property shared by all striatal interneurons and that these receptors are also responsible for the dopaminergic facilitation of PPs in striatal THINs.
It is important to note that the effect of dopamine on PPs is the most dramatic direct effect on the excitability of any striatal neurons described to date. Of particular interest, this effect was readily elicited by endogenously released dopamine and therefore its magnitude is probably well within what can be expected to occur under physiological elevations of extracellular dopamine concentration in vivo.
Striatal TH interneurons express Type 3 nicotinic ACh receptors
Striatal ACh interacts with both metabotropic muscarinic and ionotropic nicotinic receptors at a variety of cellular and subcellular locations. Muscarinic receptors are widely expressed The effects of carbachol vary in intensity with THIN subtype. Type I shows a strong depolarization accompanied the onset of action potentials, followed by a long duration depolarization with spikes completely blocked, consistent with the response of Type I THINs to current injection (1). In contrast, Type II THINs showed a small but consistent depolarization that was accompanied on some occasions by action potentials (not shown) (2). Type IV THINs also exhibited a strong depolarization with spikes throughout, consistent with the response of this Type IV THINs to current injection (3). For all cell types, carbachol-induced depolarization was unaffected by MLA (500 nM), an antagonist of Type 1 nicotinic receptors (red traces) or by DHßE (1 mM), a Type 2 nicotinic receptor antagonist (blue traces) but was totally blocked by blocked by MEC (5 mM), a Type 3 nicotinic receptor antagonist (green traces). Note different voltage calibrations for 1 and 3 vs. 2. B. The effect of carbachol persists even in presence of TTX (red trace), showing that it is a direct postsynaptic effect. In the present of TTX, MEC (5 mM) still completely blocked the effects of carbachol (green trace). Action potentials are truncated to illustrate subthreshold events. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) postsynaptically on striatal SPNs and interneurons where they modulate excitability in a complex state-and cell-type specific but generally facilitatory way (Figueroa et al., 2002; Perez-Rosello et al., 2005; Shen et al., 2005 Shen et al., , 2007 Muscarinic receptors are also present on GABAergic (Ko os and Tepper, 2002) and glutamatergic terminals (Pakhotin and Bracci, 2007) where they generally exhibit powerful presynaptic inhibitory effects (Zhou et al., 2003) . Nicotinic receptors, in contrast, are largely restricted to striatal interneurons (Goldberg et al., 2012) where they exert excitatory effects on GABAergic interneuron firing (English et al., 2012; Ko os and Tepper, 2002) , and are also present on DA terminals (Marshall et al., 2002) where it has been proposed that they may elicit DA release independent of DA neuronal activity (Cachope et al., 2012; Threlfell et al., 2012) .
Striatal THINs exhibit a depolarization in response to locally applied carbachol that was unaffected by MLA or DHbE, but abolished by mecamylamine, a selective Type 3 nicotinic receptor agonist. This nicotinic receptor profile differs from that striatal FSIs and NPY-NGF GABAergic interneurons (Ko os and Tepper, 2002; English et al., 2012) but is consistent with a recent report by Luo et al. (2013) that found the same antagonist sensitivities for striatal Type I THINs as we report here, and additionally demonstrated that striatal Type I THINs respond to cytisine, a selective a3b4 agonist nicotinic agonist. Here we show additionally that although all THINs tested exhibited a nicotinic excitation with a similar or identical pharmacology, there appeared to be subtype-specific differences in the strength of the excitation. The reasons for these differences remain unclear.
Physiological relevance
The nonspecific cationic conductance, I CAN , is ubiquitously expressed in neurons from a number of different basal ganglia nuclei, including nigrostriatal dopaminergic neurons (Ping and Shepard, 1999; Isa, 2003, 2004) , GABAergic substantia nigra pars reticulata projection (Lee and Tepper, 2007; Lee et al., 2013) , glutamatergic subthalamic nucleus neurons (Baufreton et al., 2003) , as well as striatal SPNs (Bao et al., 2005; Vergara et al., 2003) and THINs, and likely causes a generalized increase in the excitability of these neurons, amplifying excitatory afferents and affecting their firing pattern (Yamashita and Isa, 2003; Lee and Tepper, 2007) . DA activates THINS directly through a D1/D5 receptor, which in turn leads to powerful feed-forward inhibition of SPNs . THINs are also subject to fast nicotinic excitation by ACh released from striatal cholinergic interneurons, as are NPY-NGF interneurons, which also provide feed-forward inhibition of SPNs English et al., 2012) .
During the learning process in primates a cue associated with reward or other salient event evokes a pause in the tonic activity of cholinergic interneurons (CIN) in the striatum sometimes preceded by an increase in firing and often followed by a rebound excitation (Aosaki et al., 1994 (Aosaki et al., , 1995 (Aosaki et al., , 2010 , while the same stimulus triggers an increase in the firing rate of midbrain dopaminergic neurons and striatal DA release concomitant with the pause part of the CIN sequence. While the pause may not affect the ongoing firing rate of striatal SPNs (English et al., 2012 ; but the situation may be different in the ventral striatum; see Witten et al., 2010) , the rebound causes a powerful feed-forward disynaptic inhibition of SPNs. The SPN inhibition is caused by Type 2 nicotinic receptor mediated cholinergic activation of NPY-NGF GABAergic interneurons that produce a GABA A IPSC in the SPN that exhibits unusually slow kinetics . The rebound also activates a recurrent IPSC in the CIN mediated through a different, as yet unidentified, GABAergic interneuron that is also activated by Type 2 nicotinic receptors but that displays typical fast GABA A kinetics (Sullivan et al., 2008; English et al., 2012) .
Thus, the arrival of a salient, reward predicting stimulus will first trigger a dopaminergic response that will increase the excitability of striatal THINs, followed a few hundred ms later by a slower onset of prolonged activation of both THINs and NPY-NGF interneurons as the CINs rebound from the pause. The CIN rebound may also elicit a prolonged secondary release of DA by acting directly at nigrostriatal terminals (Cachope et al., 2012; Threlfell et al., 2012) .
Consequently, the activation of feed-forward inhibition of SPNs following dopaminergic and cholinergic activation involves at least two different populations of GABAergic interneurons that are activated sequentially and whose inhibition of SPNs exhibits different time courses and kinetics. The precise roles that these two forms of feed-forward inhibition play in the signaling of salience and reward in striatum are not yet known, but for striatal THINs alone, the initial facilitation of their excitability by the nigrostriatal dopaminergic reward prediction error signal followed by the subsequent activation by the CIN rebound suggests that they play a role distinct from that of FSIs and NPY-NGF interneurons during the acquisition of associative learning in striatum.
